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LOCAL NEWS:
The scope of research projects at the facility has expanded for both time resolved fluorescence and transient absorption.
Interesting protein dynamics studies have been initiated with Dr. William Degrado (DuPont) with emphasis on understanding the mechanics of protein folding using his exciting new "synthetic proteins". Another ambitious project (with Dr. Heinrich Roder of Fox Chase Cancer Center) is the transient spectral detection and monitoring of a protein (cytC) folding event. Professor Julio DePaula and co-workers (Haverford College) continue to use the facility extensively to explore the photophysical properties of photosystem II isolated from plant sources and (with Valerie Walters of Lafayette College) measurement of triplet state energies in porphyrins as a function of solvent and ligand properties. Other research includes characterization of melanin fluorescence (Dr. Jim Gallas, University of Texas), pyrene-labeled polymer mobility in lipid bilayers (Dr. Charles Owen, Thomas Jefferson University), photon migration studies in biological tissues and colloidal suspensions (Profs. Arjun Yodh and Britton Chance, University of Pennsylvania), interactions of molecular degradation products of pesticides with isolated soil components (Prof. William Inskeep, Montana State University) and investigation into the motions of large DNA sequences using bound dye labels (Prof. Robert Austin, Princeton University and Prof. Ponzy Lu, University of Pennsylvania). The RLBL staff remains dedicated to keeping these technologies at the cutting-edge and applying these techniques to new projects.
We are happy to announce Prof. Jane M. Vanderkooi as a new member of our executive committee. Jane is Professor of Biophysics at the University of Pennsylvania where she has distinguished herself in the field of protein dynamics. Jane is a regular collaborative user of this facility where she has generated a great deal of quality research. Her biophyiscal insight and experience with the RLBL make Jane a welcome addition. We would also like to take this opportunity to thank Prof. Walter Englander (of the Biophysics department) for his important contributions to the facility during his term on the executive committee.
NEWSLETTER SUBJECTS:
The field of ultrafast spectroscopy is indeed broad (and hopefully limitless!), with applications to many fundamental scientific processes. Most of the experiments performed in this field have a visible beam as either the pump or probe; much useful information has been gleaned in these type experiments. However, probing the electronic states of a system can not normally give the kind of detailed information necessary to describe what is happening to particular bonds or areas in the molecular system. The mid-infrared region (400 -4000 cm -1 ; 2.5 -25 µm) is associated with these bond selective absorptions.
With advances in optical, electronic and materials sciences, great strides have been made to generate light at frequencies other than the visible. In this newsletter we present two recent experiments which have been performed in this lab both of which use transient infrared spectroscopy.
In addition, Prof. Richard Ludescher (Rutgers) has graciously provided us with results he obtained here on tryptophan fluorescence quenching processes in myosin rod, providing an insight into local structure and rotational dynamics of this system.
What of the future of transient IR spectroscopy? One regime which will hopefully be advanced is that of multichannel array detectors for the mid-IR region; these systems will allow one to directly measure IR continuum spectral dynamics, certain to reveal much useful information such as vibrational energy relaxation in solution.
Mark Phillips (215)898-3605. E-mail: phillips@a.chem.upenn.edu
INTRODUCTION
Bacteriorhodopsin (BR), a 26 kDal protein in the purple membrane of Halobacterium Halobium acts as a lightdriven proton pump 1 . For two reasons BR has found a broad interest in numerous fields of research. Together with the photosynthetic reaction centers found in plants and bacteria, BR is one of the few light to energy converting pigment systems in nature. Furthermore, among the active ion pumping membrane proteins BR is small and simple enough to serve as a model system. Along with halorhodopsin and sensory rhodopsin, BR forms a family of retinal binding systems, having structures that are very similar but which perform different functions. This evidences that the specific chromophore protein interaction is of great importance.
A schematic representation of the proton pumping scheme for BR is shown if Figure 1 . In BR the retinal chromophore is bound to a lysine residue via a protonated Schiff base. Under illumination, an all-trans to 13-cis isomerization of the chromophore around the C 13 -C 14 double bond initiates a sequence of relaxation processes within the chromophore and the protein envelope. Under normal conditions a reisomerization step back to BR 570 , the unphotolyzed parent species, completes this photocycle after about ten milliseconds 2 . It is during this cycle that protons are moved across the protein and an electrochemical potential across the cell membrane is generated which is used by the bacterium to drive metabolic processes under anaerobic conditions (for reviews see refs. 3 and 4). Some favorable circumstances permit the study of the function of this biological system by various physical methods. The whole purple membrane can be isolated easily without destroying the fundamental function. In addition, the membrane and the protein show a remarkable stability toward different chemical and physical conditions. Finally, the fact that the photoinduced reactions form a closed cycle, makes it possible to work with a relatively small amount of sample. This is important especially in experiments involving repetitively pulsed lasers. The observed time constants of the photocycle span about eleven decades.
They reflect the fast isomerization and the subsequent relaxation processes of both the chromophore and the protein. The ultrafast processes use the photon energy to generate a stable intermediate thereby minimizing energy loss enabling the system to function very efficiently.
The optical spectra of complex biological systems are now readily studied with ultrashort time resolution 5, 6 but they do not easily yield the structures of the metastable states they detect. Resonance Raman spectroscopy can also be carried out in a transient manner 5, 6 , but the signals give information largely about the structure of the resonant chromophore, which in the case of BR has concerned the retinal 7, 8 . Infrared spectroscopy is the newest of the transient spectroscopies and has the advantage that structural changes in the protein are observed on an equal footing with those in the chromophore. Since the control of the protein conformation via optically induced changes in the chromophore is at the heart of the operation of BR and some other proteins, it is certainly of great importance to explore the protein structural changes directly.
In frozen samples of BR, where the intermediates in the photocycle are frozen in for pathologically long periods, it has been possible to use Fourier transform spectroscopic methods (FTIR) to obtain infrared spectra of the early intermediates in the photocycle [9] [10] [11] . The best time resolution achieved by FTIR methods is ca. 10 ms. In the present experiments we improve this by ca. six orders of magnitude, thereby enabling studies of the early intermediates at ambient temperature. This is crucial for the understanding and description of the natural function of these systems, since it is known that the photocycles of halorhodopsin and sensory rhodopsin change qualitatively with temperature 12 .
BR consists of about 250 amino acids 13 and only the chromophore and probably only a few amino acids are strongly affected during the photocycle. Thus there are significant difficulties related to background absorption to be overcome. Even when the additional IR absorption due to the suspending bulk water is minimized by using hydrated purple membrane films, the amide I (≈1650 cm -1 ) and amide II (≈1530 cm -1 ) bands of the protein backbone cause a strong stationary IR absorption in certain spectral regions. Thus, very small changes of the IR absorbance, typical in the order of 10 -3 (optical density) have to be detected against a strong IR absorbing background. Recently, a laser system was developed in this laboratory,which unites the required high detectivity in the infrared with a time resolution in the picosecond regime 14 and in the present work this approach is modified to enable the first ps transient IR studies of BR.
EXPERMIENTAL
The experiment required the construction of an optical source for exciting the sample (pump), a carbon monoxide continuous wave IR source (CO-3i-WTVD, Laser Photonics, Carlsbad, CA) for probing the sample and a fast detector for measuring the transmitted IR. Figure 2 shows the apparatus. A modelocked, Q-switched, frequency doubled Nd:YAG laser (Quantronix,116; Smithtown, NY) pumps two dye lasers which are cavity dumped to yield single, short pulses (ca. 25 ps) in the visible at a repetition rate of 500Hz. The pulses of one of them (DL2 at 544 nm, energy per pulse ca. 80 nJ, focused to ca. 100 µm diameter) are used to initiate the photocycle of BR. The beam of the carbon monoxide laser (spectral resolution ca. 4 cm -1 , power ca. 50 mW) interrogates the excited sample volume. The fast detector consists of the pulses of the second dye laser (DL1), a crystal with a second order nonlinear susceptibility and a photomultiplier. The nonlinear interaction in the crystal between the electromagnetic fields of the dye laser pulses and the probing infrared, generates a pulse at their sum frequency which is detected by a photomultiplier. Since in infrared experiments of BR the region below 1800 cm -1 is of great interest, a suitable crystal (AgGaS 2 , Cleveland Crystals, Cleveland, OH) in combination with a red dye laser (DL1) at 760 nm was required. The photomultiplier signal is linear in the intensity of the infrared beam and therefore a direct measure for the transmitted infrared. Setting the repetition rate of DL2 to half of that of DL1 and feeding the photomultiplier signal into two lock-in amplifiers, locked to the corresponding frequencies, the change in the IR absorbance can be directly measured. When the CO laser is set to a fixed wavelength and the time delay between the pulses of DL1 and DL2 is scanned, the time course of the IR absorbance at that particular wavelength can be recorded. When the time delay is set to a fixed value and the IR wavelength is tuned, a spectrum is obtained. Using deconvolution methods and the well known parameters of the laser pulses, the achievable time resolution of this system is ca. 10ps. The high repetition rate of the laser system (500 Hz) makes it possible to obtain a signal-to-noise ratio sufficient for the experiments described here to be completed at a rate of one data point per one or two minutes. The sample is a thin film of purple membrane (isolated from H. Halobium strain ET 1001 as described in ref. 15) between two calcium fluoride windows (OD of 1.3 at 570 nm). A purple membrane suspension in distilled water was dried in order to minimize the amount of water and then rehydrated until the photocycle was reestablished 16 . The sample and the kinetics of the photocycle were characterized and controlled by static optical and infrared spectroscopy and by transient absorption spectroscopy before and after the experiment. BR was driven into the light adapted state BR 570 by shining sufficient light on the whole sample.The sample was rotated sufficiently fast that a completely relaxed BR 570 portion was accessed by successive laser shots. All experiments were performed at ca. 20°C. Figure 3a shows the first IR difference spectrum of purple membrane, taken at room temperature on an ultrafast timescale. The time delay between the pump and the probe event was set to 100 ps and data points were collected in the region between 1560 and 1700 cm -1 . The spectrum displays the net IR absorbance changes of the sample in that spectral region, measured 100 ps after the excitation. The signals therefore reflect the photoinduced change of transition strength or frequency of any IR active molecular vibration. The negative (positive) signals correspond to a net increase (decrease) of IR transmission. Spectra of this quality are readily obtained at any delay time. 19, 20 .
RESULTS AND DISCUSSION
The spectrum in Figure 3a can be interpreted as follows: The negative signals are due to a bleach of the parent state BR 550 . The strong band at 1637 cm -1 probably arises from the C=NH stretching vibration of the Schiff base group. In resonance Raman spectra 21 this vibration appears at 1641 cm -1 and in low temperature FTIR spectra at 1640 cm -1 (cf. Figure 3b) . The positive bands at 1622, 1610 and 1580 cm -1 are due to the K state after 100 ps on the basis of previous work. These modes are not definitively assignable to particular vibrations of either the chromophore or the protein. Nevertheless the C=NH stretching mode of the K state surely contributes some to the absorbance change at frequencies 10, 22 around 1609 cm -1 . The rise times of the signals at 1641 and 1610 cm -1 , as depicted in Figure  4a and b, show that the bleach of BR 570 and the formation of K are faster than 10 ps, which is consistent with the data from Raman and optical spectra.
The comparison of the room temperature and a typical FTIR spectrum of the BR→K transition, taken at 77 K (see Figure 3a and b) reveals strong similarities in this spectral region 10 . The frequencies of the maxima and minima and the relative intensities in the two spectra are related. This informs us that the restricted environment of the low temperature system permits, in a general sense, the same changes in chemical structure as can occur in ambient samples after 100 ps and are evident in the spectral region explored. However, this behavior may be different at later times, e.g. in the nanosecond region, which is subject of future studies. Differences occur in the region below 1580 cm -1 where the absorption strength in the low temperature spectrum increases again towards the band at 1556 cm -1 , whereas in the room temperature spectrum only the band at 1580 cm -1 exists (unfortunately, 1563 cm -1 is the lowest frequency available from this carbon monoxide laser). Since the band at 1556 cm -1 possibly consists of both chromophore 10, 23 and amide II 24 contributions, this difference indicates either a different chromophore structure in the K state or a modified chromophoreprotein interaction on this timescale with respect to low temperatures.
The experiments reported here have shown that it is possible to apply picosecond infrared methods to the study of BR dynamics. The time resolution can be readily extended to the subpicosecond region 25 to permit direct observation of structure features of the J→K transition. By extending the wavelength region throughout the infrared, it will also be possible to monitor those spectral regions in which protein contributions dominate. Polarized light studies along the lines carried out for carboxy hemoglobin 26 are now possible, thereby permitting direct measurements of bond motions and protein dynamics. This new approach will permit the acquisition of structural information that cannot be obtained by any other technique. 
INTRODUCTION
The local structure and rotational dynamics of a myosin rod, using fluorescence spectroscopic methods, was investigated in an effort to understand the many biological functions of myosin. Myosin, a large hexameric protein composed of two heavy chains (200 kDal) and four light chains (20 kDal), can be structurally characterized by a N-terminal globular head and C-terminal coiled-coil alpha-helical domain.
The coiled-coil region is know as the myosin rod. The unique feature of myosin is found in the ability to enzymatically break down the large hexameric protein into distinct molecular units which retain the majority of the intact native activity 1,2 . A proteolytic-sensitive region, 45-60 nm from the head-rod junction, is targeted by trypsin digestion to fragment the native protein into two fractions, light meromyosin (LMM) and heavy meromyosin (HMM). Papain digestion of the HMM generates the S2 coiled-coil rod fragment and two globular S1 heads which contain the ATPase activity and actin binding site.
We are interested in the myosin rod fragment isolated from rabbit skeletal muscle which has two tryptophans per chain located at identical hydrophobic d sites in the heptad repeat. Tryptophan substitution (or other select hydrophobic amino acids) in the d position is critical for driving the dimerization process. Although the rod is primarily inflexible, the region in proximity to the tryptophan residues may have some degree of local flexibility.
The intrinsic fluorescence lifetime properties of tryptophan in our system can thus indicate the dynamic local structural environment of tryptophan in the myosin rod fragment.
RESULTS AND DISSCUSSION

Fluorescence intensity and quenching
The excitation and emission spectra of tryptophan in myosin rod dissolved in 0.5 M KCl, pH 7.0, where the rod is a two-chain coiled-coil, are typical of tryptophan in a partially polar environment.
Comparison of the emission spectra as a function of excitation wavelength indicate that there is little tyrosine emission from the rod at 270 nm and no detectable emission at wavelengths longer than 290 nm which confirm similar findings 3 . Fluorescence quenching studies using acrylamide (neutral), iodide (negative ion) and cesium (positive ion) at constant ionic strength indicate that the indole rings are exposed to solvent. Stern-Volmer analysis and results are tabulated below for myosin rod and n-acetyl-tryptophan-amide (NATA) for each quencher. The calculations were based on a 3.0 ns lifetime for NATA 4 The k q ratio provides a measure of the solvent exposure of the indole rings. The values for acrylamide and iodide are consistent with an exposed indole ring located on the surface of an alpha-helix rather than buried at the hydrophobic interface 5 .
Neighboring arginine and lysine residues found in the sequence of this rabbit myosin system probably exclude cesium from the region near the tryptophans 6 (as demonstrated by a low k q ratio).
All quenching data cited was calculated from steady-state experiments conducted at constant ionic strength. Under these conditions, the Stern-Volmer plots are statistically linear. Iodide ion quenching curves under conditions of high quencher concentration and variable ionic strength show a downward curvature in a Stern-Volmer plot.
Analysis of these curves using a modified Stern-Volmer equation 7 indicate that about 85% of the fluorophores are accessible to iodide quenching.
Time-resolved fluorescence Isotropic fluorescence intensity decays of myosin rod (collected on the single photon counting apparatus) require three exponentials for an adequate fit (chi-square of 1.0-1.1; see Figure 1 ). Although the average fluorescence lifetime increases with wavelength, each lifetime component is invariant with wavelength; therefore, the increase in the average lifetime must reflect changes in the individual amplitudes of each component. The normalized amplitude of the long lifetime increases from 0.6 at 315 nm to about 0.8 at 345 nm. There is a corresponding decrease in the remaining amplitudes with the short lifetime amplitude decreasing to zero above 360 nm.
The influence of quenchers provides insight into the physical origin of these lifetime components. Changes in the potassium iodide concentration over the range from 0 mM to 350 mM lower the longest lifetime from 5.3 to 2.5 ns while the other lifetimes remain essentially unchanged (Figure 2 ). The k q value calculated from a Stern-Volmer analysis of the long lifetime is equal, within error, to that calculated from the steady-state intensity data.
The long lifetime component also accounts for 85% of the chromophores, which is nearly equal to the accessible fraction measured from steady-state quenching. These data indicate that only the long lifetime component is accessible to quencher and thus exposed to solvent. The tryptophans in the rod are thus in at least two distinct environments. Since the distribution in these environments is approximately 85:15, and not 50:50 as expected for differential behavior of the two tryptophans in the heavy chain, the environments may reflect partitioning behavior that is intrinsic to the coiled-coil interface. Determination of the physical nature of these environments requires further experiments using other quenching molecules.
CONCLUSIONS
Using both steady-state and timeresolved fluorescence spectroscopic methods, we have shown that as much as 85% of the tryptophans are accessible to the solvent environment.
Lifetime resolved quenching studies indicated, that of the three exponential components describing the isotropic fluorescence decay, only the long lifetime component is quenched by iodide. The long lifetime component; therefore, corresponds to a population of solvent accessible tryptophans that may be on the surface of the coiled-coil protein. These studies suggest that the tryptophans on myosin rod may be in equilibrium between accessible and inaccessible sites at the coiled-coil interface. Future studies using additional quenching molecules and fluorescence anisotropy methods will be required to further understand the dynamic processes involved with this interconversion within the myosin rod.
INTRODUCTION
A question of central importance in chemistry involves determining the rates and relevant mechanisms for vibrational relaxation. Experimental studies of vibrational energy relaxation have been performed in gases 1 , solutions 2,3 , crystals 4 , and more recently for adsorbates on surfaces 3, 5 . In solution a primary focus involves determining the relative contributions of intramolecular vibrational relaxation (IVR) compared with solvent induced pathways of relaxation. A crucial issue is the specific role of the microscopic liquid structure on the relaxation dynamics. We have targeted a small polyatomic ion, the azide ion (N 3 -), to study vibrational dynamics using transient infrared spectroscopy, in order to probe a system in which the strong solvent interactions might lead to dynamical behavior that is unique to condensed phase systems.
In many circumstances and perhaps most clearly for species in solution, a determination of the vibrational population relaxation time (T 1 ) requires a time resolved measurement since the linewidth is usually dominated either by pure dephasing (T 2 ) or inhomogeneous broadening. These experiments usually include some combination of infrared or Raman gain pump followed by infrared or Raman probing 2 . Although the T 1 times for molecules in solution can be as long as nanoseconds, those which show strong Fermi resonances display ultrafast relaxation. The majority of vibrational studies so far have involved either hydrogen stretches (C-H, O-H, or N-H) or carbonyl stretches of metal carbonyls. In cases where the solvent interaction channels dominate vibrational relaxation, theories reminiscent of those found to be successful in explaining gas phase experiments, such as the isolated binary collision model 6 , have been found to be surprisingly successful 2, 7 . Under these circumstances the solvent structure is apparently not a strong influence on the vibrational dynamics. Low frequency modes of simple molecules with strong solvent interactions have the highest propensity for intermolecular relaxation. Small molecular ions in protic solvents are expected to have very strong and long range coulombic solvent interactions (such as shown in Figure 1) , so that such systems provide an excellent opportunity to probe a regime in which the solvent structure might profoundly affect the vibrational dynamics. We have therefore measured the transient absorption kinetics and spectrum of the ν 3 band (antisymmetric stretch) of azide ion (N 3 -) in water, methanol, and ethanol.
EXPERIMENTAL
The transient IR spectrometer is similar in design to the one previously reported in this lab for performing twocolor infrared pump-probe experiments 8 . The infrared pump pulses are generated in an optical parametric amplifier by mixing an amplified dye laser pulse (1.5 ps, 590 nm, 10 µJ) with a portion of a frequency doubled, regeneratively amplified Nd:YLF pulse (60 ps, 527 nm, 450 µJ). The same dye laser pulse is then used for nonlinear gating of a cw diode laser for the infrared probe. This scheme has the advantage of permitting two-color transient infrared spectra to be recorded with a single dye laser. The pump pulses are chopped to permit phase sensitive detection of the transient absorption. The frequency doubled output of a cw modelocked Nd:YLF laser (Coherent Antares 76-YLF, 500 mW) synchronously pumps a linear, dual jet dye laser. The residual Nd:YLF fundamental seeds a regenerative amplifier (Quantronix 4417R), from which the frequency doubled output yields 1 mJ, 45 ps pulses at 1 kHz. This radiation is divided nearly equally to pump a dye laser amplifier and the optical parametric amplifier. The dye laser employed in these experiments is based on a previously reported design 9 , and it has been described in earlier publications 10 . Briefly, it is a hybrid modelocked, dispersion compensated dye laser using Rhodamine 590 and a mixture of DODCI/DQOCI as the gain and saturable absorber, respectively. The output is 200 fs pulses at 76 MHz with 0.5 nJ pulse energy tunable from 580 nm to 593 nm (which corresponds to an infrared range of 1750-2100 cm -1 when mixed with 527 nm radiation). The dye laser pulses are sent through a 0.5 nm bandpass interference filter (592 nm center wavelength, ca. 3 nm angle tunable, Andover Corp.) to narrow the bandwidth for optimum overlap between the infrared pulse bandwidth and the infrared absorption linewidth. This broadens the pulse to about 1.5 ps. The dye laser is then amplified in a pulsed dye amplifier consisting of two dye cells (1.5 and 2.3 cm long) collinearly pumped by about 550 µJ of the frequency doubled YLF regenerative amplifier output, yielding 10-12 µJ, 1.5 ps pulses.
The remaining 527 nm radiation from the regenerative amplifier is combined with the amplified dye laser (590 nm) in an optical parametric amplifier (10 mm LiIO 3 , type I, 21°) to produce tunable infrared radiation near 4.9 µm. The photon and energy conversion efficiencies from the dye laser are 15-20% and 2-3%, respectively, and 150 nJ infrared pump pulses are delivered to the sample. Cross correlations with the dye laser reveal 1.8-2.5 ps traces (as shown in Figure 2a ) and the infrared pulse bandwidth is 10-12 cm -1 . By removing the interference filter (and using a 3 mm LiIO 3 crystal), it was possible to generate 300 fs infrared pulses with somewhat reduced conversion efficiency.
The infrared pump pulses are focused (ω=200 µm) onto the sample and overlapped at a small angle with the infrared diode laser (Spectra-Physics, pulsed and multimode) probe. The visible pulses also provide the time gating pulse for the detection system. After the sample, the diode laser beam is combined with the visible pulses in LiIO 3 (3 mm), and the difference frequency signal (at 667 nm) is detected by a photomultiplier tube (Hamamatsu R928) and measured with a pair of lock-in amplifiers (Stanford Research Systems model 510, 300 ms time constant) using a method described previously 8 
RESULTS
From
the solvent-subtracted infrared spectra, parameters were obtained for the ν 3 band of N 3 -. The spectra are very similar for solutions in D 2 O (all concentrations), methanol and ethanol, where the bandcenters are near 2043 cm -1 and the 18-20 cm -1 linewidths (FWHM) correspond to 0.50-0.56 ps dephasing times. The center of the azide band in H 2 O is shifted to 2049 cm -1 and the line is broadened to 26 cm -1 (T 2 =0.38 ps), which is consistent with previously reported infrared band parameters for N 3 -in H 2 O 11 . The overtone of the ν 3 band was not observed in the infrared spectrum. For D ∞h molecules, the overtone of the ν 3 band has the same symmetry as the ground state, Σ g , so that with the infrared selection rule (g ↔u) the overtone transition is not infrared allowed. There was some uncertainty about the location of the 2ν 3 level since it has been predicted to be in Fermi resonance with the 3ν 1 level as reported in ref. 12 . No other absorption bands were observed in the vicinity of the ν 3 band, which indicates no strong Fermi resonance with nearby levels. Experiments were performed by recording transient absorption kinetics for a particular diode laser frequency with the pump laser maintained at the bandcenter. Figure 2 shows transient absorption decays observed for N 3 -in the four solvents studied. The signal is weaker for H 2 O than for the other solvents because there is considerable solvent absorption at the pump frequency. Using a nonlinear least-squares algorithm, all absorption decays were fit within experimental uncertainty to a single exponential decay when convoluted with a 1.5-2.0 ps (Gaussian) instrument function. The vibrational energy relaxation times were determined to be 2. For the data in H 2 O some residual scatter was observed from the pump pulse, so that it was fit to a sum of the convoluted decay with the pulse shape. The value in H 2 O was found to be 2. 7(1.3) , where the larger uncertainty reflects the lower signal-to-noise ratio.
The transient absorption spectrum obtained for a 0.29 M concentration solution of N 3 -in D 2 O, corresponding to the maximum absorbance change as a function of probe infrared frequency, is shown in Figure 3 . The peak of the transient absorption spectrum is found at 2015(3) cm -1 . This value of the center frequency for the 2ν 3 ↔ν 3 band yields a value for the χ 33 anharmonicity of 14 cm -1 , which is in good agreement with the ab initio CEPA value of 15 cm -1 predicted by Botschwina 12 .
DISCUSSION
The only other direct measurement of a vibrational population relaxation time for a molecular ion in solution was performed about a decade ago in this laboratory. Heilweil et al. 13 performed a Raman gain pump-Raman probe study of the vibrational relaxation dynamics of aqueous cyanide ion. Direct measurements were only possible for extremely concentrated solutions in which the ions form extended, aggregated structures. A T 1 time for CN -was measured to be 6 ps, and was estimated to be 25 ps at infinite dilution from indirect measurements. The structural changes occurring in H 2 O/CN -solutions are evident from changes in the Raman spectra and from NMR 14 . Frequency domain studies have been performed to extract vibrational dynamics for ions in solution, such as nitrate 15 , cyanide 16 , perchlorate 17 , and molten salts, such as lithium hydroxide 18 . The azide ion has been the subject of high level ab initio calculations by Botschwina to determine the vibrational stretching frequencies and intensities 12 . The calculation revealed the ν 3 band to be very intense (µ v =0.5 D), a result generally confirmed and exploited in this study. Polak et al. 19 have measured the high resolution spectrum of this band (ν 3 =1986.5 cm -1 ) for the gas phase azide ion using velocity modulation infrared laser spectroscopy. An investigation of the role of the solvent environment on relaxation processes should most logically begin by determining whether the isolated molecule is free from perturbations.
The high resolution spectroscopy and ab initio calculations, in conjunction with other existing spectroscopic information, including infrared spectra obtained for crystals of azide 20 and for the isoelectronic species cyanate (NCO -) 21 , indicate that the fundamental ν 3 mode of azide is sufficiently isolated from and unperturbed by nearby levels that IVR should not be rapid. (The closest levels to the ν 3 (001) are the 110 and the 030 levels, which are about 50 cm -1 and 120 cm -1 lower, respectively.) No weak absorbances (A<0.01 OD) were detected near the ν 3 band in the solution phase FTIR spectrum. It may therefore be concluded that no strong Fermi resonance is present between the ν 3 and nearby levels of solution phase azide ion as may arise through solvent induced coupling.
The transient absorption spectrum in Figure 3 clearly reveals a peak that we attribute to the ν 3 =1 to ν 3 =2 transition of N 3 -. The observed excited state spectrum reveals a bandwidth similar to that of the fundamental, and no other absorptions are detected in the region, consistent with the relaxation involving energy flow into the solvent modes rather than into other levels involving lower frequency modes of N 3 -. However, the experiment does not unambiguously exclude internal relaxation since some possible transitions may be at the same frequency as the one assigned. (The frequencies for the 111 ←110 and 031←030 transitions, for example, fall within 5-10 cm -1 of the 002←001 transition assigned to the spectrum observed in Fig. 2 .) Since no strong intramolecular mixing is indicated in the infrared spectra and the transient spectrum has a width comparable to the fundamental, it is concluded that the solvent assumes the two key roles of providing the forces to induce the relaxation and the accessible states into which the energy can flow.
The concentration dependence of T 1 is interesting in both the high and low concentration limits. In the infinite dilution limit, azide in simple solvents should provide a theoretically tractable problem and an opportunity for a direct comparison between theory and experiment for a relatively simple system. Whitnell et al. 22 have recently reported a molecular dynamics simulation, with similar results found for the Landau-Teller formula, of the vibrational relaxation time of the CH 3 -Cl stretch of CH 3 Cl in water. They found a dramatic dependence on the extent to which charges (Z) are included for the solute, such that T 1 -1 ∝ Z 2 . The specific rates for the cases of normal charges and extra charges in their study bracket the values measured in this work, but a direct comparison is not warranted due to differences in the vibrational force spectra for these two systems. It is interesting to note that the effects of having charged species are well known to facilitate rapid dynamical processes in the gas phase, as indicated by the large pressure broadening coefficients of ions 23 , as well as the large rate constants for ion-molecule reactions 24 .
At higher concentrations the effects of long range Coulombic forces from other nearby ions and counterions might influence the relaxation dynamics. We have investigated N 3 -in D 2 O over the concentration range from 0.03 M to 0.3 M, corresponding to N 3 -/D 2 O ratios of 1/1600 to 1/160. No concentration dependence was observed for the T 1 times within our S/N ratio. At these concentrations there is probably negligible contribution from aggregates and solute-solute interactions. These effects were a factor in the case of CN -at the higher concentrations (>2 M) studied.
Since a parallel polarization pumpprobe geometry has been used for this work, the rotational reorientation times (τ or ) of azide ion in the various solvents could affect the determined T 1 values. In the worst case, if τ or is the same as T 1 , then the present analysis of the observed decay times will underestimate T 1 by about 20%. A small (<5%) systematic error is introduced by either a much faster (e.g., the free rotor limit time is 0.28 ps) or much slower τ or . The latter seems more likely since the calculated stick hydrodynamic boundary conditions yield 5-10 ps reorientation times for the free ion. Considering the strong solvent interactions, one might anticipate the entire first solvent shell to rotate, which would increase τ or to more than double the free ion value. Future planned experiments involving infrared polarization experiments, such as the one by Graener et al. 25 on CHBr 3 , will resolve this ambiguity and also permit direct and detailed study of solvation dynamics.
Despite the fact that the bandcenters and linewidths are different for H 2 O compared with the other solvents studied, perhaps most notably D 2 O, the T 1 times measured are not significantly different. The lack of an appreciable solvent or isotope effect on the vibrational population dynamics suggests that not only the hydrogens are involved in the relaxation mechanism. The portion of the force correlation function for the solvent that most efficiently induces relaxation may significantly involve the solvent oxygen atoms. This picture is consistent with methanol and ethanol giving similar relaxation times as D 2 O and H 2 O. The understanding of vibrational relaxation mechanisms of azide in protic solvents will be facilitated by simulations of the local solvent structure, which should provide a more quantitative idea of the coordination number, the relevant force autocorrelation function power spectrum, and the solvent dynamics. However, the ultrafast population relaxation of molecules as small as N 3 -or CNsuggests a picture more akin to IVR in the polyatomic formed by coordination of the solvent molecules to the ion.
In summary, we have utilized nonlinear gating of a cw infrared laser as a transient infrared probe, and nonlinear mixing to generate an infrared pump in order to carry out a tunable two-color infrared pump-probe experiment with a single dye laser. This approach has a number of experimental advantages for extending these two-color infrared studies to the femtosecond regime, especially with respect to overcoming the problem of temporal jitter that follows from using two dye lasers. The vibrational energy relaxation time of the ν 3 band of the azide ion has been measured in protic solvents, and the solvent and concentration independent 3 ps T 1 time is the fastest measured to our knowledge for systems that do not exhibit any indication of Fermi resonance.
